We used moored upward-facing echosounders in combination with field campaigns to address the overwintering ecology of the clupeid sprat (Sprattus sprattus) throughout four separate winters in a Norwegian fjord. The stationary echosounders were cabled to shore and provided continuous measurements at a temporal resolution of seconds. The long-term coverage of several winters enabled study of the sprat behavior in relation to different biotic parameters like abundance, vertical distribution and taxonomic composition of potential prey and predators, as well as environmental conditions like ice-free vs. ice-covered waters and hypoxic-vs. normoxic conditions. Also the size distribution of the sprat differed significantly between years. The majority of the large-size classes had empty stomachs, particularly prominent in one winter. Otherwise, the diet of the sprat seemed to vary according to the fluctuating mesozooplankton community, yet with calanoid copepods being the most common prey in the sprat stomachs all winters. Krill were not common prey apart for the largest sprat in one winter, but particularly large concentrations of krill appeared to mitigate predation pressure from gadoids, which then preferred krill as prey. During daytime, sprat distribution and swimming behavior varied according to the oxygen conditions. Solitary swimming in near-bottom-waters ($150 m) prevailed in moderate hypoxia (30% O 2 saturation) as opposed to schooling in mid-waters when the deep waters were oxygen depleted (0-7% O 2 saturation). Nevertheless, a bimodal vertical distribution with an additional part of the sprat population distributed in upper waters was common in all years. The sprat carried out diel vertical migration (DVM) in all winters, but the patterns varied, and included both normal and asynchronous DVM, including fish with a somewhat deeper nocturnal than daytime distribution. Moreover, individual sprat carried out short and rapid excursions to the surface during the night in all years, likely for gulping atmospheric air. Ice conditions imposed a behavioral response with the sprat moving to shallower depths after the ice covering. The varied ecology and behavior observed throughout the course of four consecutive years underlines the importance of conducting long-term studies for the understanding of overwintering strategies. Overall, this study provided unique insight into the dynamic conditions that a population of fish may encounter while overwintering, providing novel information on a scarcely described phase in the life history of fish at high latitudes.
Introduction
The sprat (Sprattus sprattus) is a schooling clupeid fish that is widely distributed in the coastal waters of Europe, covering the Mediterranean, the Black Sea, the Baltic and the North Sea including Norwegian fjords (Limborg et al., 2009) . It is a relatively small fish with a short life-span (maximum 16 cm and $ 5 years, respectively) (Bailey, 1980) . Gonadal and reproductive growth normally starts when the sprat has reached 95-100 mm (Peck et al., 2012; De Silva, 1973) , a size that the fish may reach after its first or second year depending on growth conditions. The sprat plays an important role in the trophic structure of pelagic ecosystems being a major predator on zooplankton and an abundant prey for piscivorous fish like cod and whiting (Daan et al., 1990; Casini et al., 2008 Casini et al., , 2011 Kaartvedt et al., 2009) . It is also commercially harvested. In Kattegat and in the North Sea, annual catches of sprat comprised 100,000-200,000 t from 1996 until 2011 (ICES, 2011) .
Due to its abundance and ecological and commercial importance, the sprat is widely studied (Wahl and Alheit, 1988; Last, 1987; Möllmann et al., 2004; Casini et al., 2011) . Major efforts have been on addressing their echophysiology at different life-stages (see review Peck et al., 2012) . This encompasses incubation studies of sprat eggs (Thompson et al., 1981; Nissling, 2004) , laboratory experiments on endogenously-and exogenously first-feeding stages (Petereit et al., 2008) , as well as field investigations of the diet of larval, juvenile and adult sprat (Voss et al., 2003; Dickmann et al., 2007; De Silva, 1973; Arrhenius and Hansson, 1993; Arrhenius, 1996) . Physiologically-and individual-based models developed on the background of such laboratory-and field research are utilized to predict sprat recruitment and to explain/ examine the constraining factors that may impact the population dynamics (Daewel et al., 2008; Baumann et al., 2006) . Among the abiotic factors, temperature has a major impact on growth, reproduction and survival of sprat (Grauman and Yula, 1989; Parmanne et al., 1994) . However, despite the broad knowledge that already exists on the physiology of sprat, there are still gaps in this species life-history that need to be addressed in order to better understand the processes that affect sprat condition and survival, and to make the projecting models more robust.
The overwintering period likely plays an important role in shaping the life strategy of sprat (particularly for sprat populations at high latitudes). Peck et al. (2012) pointed toward the lack of knowledge that exists on overwintering dynamics for the majority of small pelagic fishes in the North Sea and in the Baltic, with special reference to the little information that is available about potential feeding, size-specific survival and overwintering zooplankton populations.
Sprat may occur in habitats with hypoxia in deep waters (like in the Baltic, the Black sea and in fjords). This may exclude sprat from the lower parts of the water column, but Kaartvedt et al. (2009) suggested that overwintering sprat also may exploit oxygen depleted waters as a refuge from predators. The sprat may furthermore inhabit waters that become ice covered during winters (e.g. some Norwegian fjords). There is in general little knowledge about how ice may impact fish distribution and behavior in marine waters, largely for logistic reasons. However, echo sounders deployed in fjords and cabled to shore provide the opportunity of conducting non-intrusive long-term studies of both individuals and populations. Such approach enabled Solberg et al. (2012) and Solberg and Kaartvedt (2014) to study sprat behavior in relation to ice covering, revealing that the overwintering strategy of sprat was dynamic and that the sprat had a flexible behavioral repertoire. Yet, limited information exists on how both abioticand biotic factors may interact in controlling the overwintering ecology of sprat, including variations between years.
The main objective of this study was to assess the ecology of overwintering sprat throughout four separate winters. Long-term coverage using deployed echosounders cabled to shore enabled study of how sprat responded to varying environmental conditions, like ice-free waters versus ice-covered waters, hypoxic conditions versus well-oxygenated waters. By combining intermittent field campaigns with high resolution acoustic data, the sprat behavior was also studied in relation to different biotic parameters, like abundance, taxonomic composition and vertical distribution of its potential prey and predators.
Materials and methods

Study site
The study took place in Bunnefjorden (150 m) which is the innermost part of the Oslofjord, oriented as a parallel branch to the main fjord axis (Fig 1 in Klevjer and Kaartvedt, 2011) . The deep waters of the Bunnefjord are usually characterized by hypoxic or even anoxic conditions. Water exchange of the basin water is restricted by two sills, one ($50 m) at the inlet of the Bunnefjord, and one (19 m) that is located in the sound that connects the inner Oslofjord to outer waters. Yet, water renewals normally occur every 2-3 yr resulting in periods with well-oxygenated waters extending to the bottom. Bunnefjorden often becomes ice covered during the winter.
Sampling
Intermittent sampling campaigns were conducted by the research vessel of the University of Oslo ''Trygve Braarud" (Table 1) . CTD measurements (Conductivity, Temperature and Depth) were made by a Falmouth Scientific Instruments CTD equipped with Niskin bottles to obtain water samples for oxygen measurements. Oxygen content was analyzed by the standard Winkler method. Pelagic trawling was performed day and night using a 100 m 2 trawl towed horizontally (or sometimes obliquely) at $2 knots. The trawl is equipped with a multisampler codend (Engås et al., 1997) enabling vertically stratified sampling. The two echosounders onboard the research vessel (Simrad EK 500, 38 kHz and 120 kHz) were used for targeting acoustic scattering layers during trawling, and a Scanmar depth sensor measured the trawling depth during each tow. In total 122 successful pelagic tows were conducted in the course of the four study periods (47 in 05/06, 33 in 07/08, 9 in April 09 and 33 in 09/10) ( Table 1) . Two hauls with bottom trawl (30 min each) were additionally carried out in December 05. All fish were sorted by species for each trawl catch and larger fish (potential predators on sprat) were counted and measured for weight and length before being frozen for later analyzes. The total volume of the remaining catch was measured and a subsample of 30 sprat per tow (or per depth in the cases of repeated trawl depths) were frozen for stomach analyses and length measurements. The trawl catches of sprat were standardized as number of sprat ''per 10 min of trawling". The volume of krill (Meganyctiphanes norvegica) was noted for each catch.
The stomachs of 1355 sprat, 238 whiting (Merlangius merlangus), and 6 other piscivorous fishes (haddock Melanogrammus aeglefinus, cod Gadus morhua and saithe Pollachius virens) were analyzed for potential prey. The stomachs were dissected out and the contents were analyzed under a stereo microscope. Stomach contents were identified to the lowest possible taxon. For the sprat, the degree of stomach fullness was classified into five categories from 0 to 1, where 0 = empty, 0.25 = a bit of content, 0.5 = half full, 0.75 = nearly full, 1 = bursting full. Degree of digestion was noted for each food item per stomach, classified in the same way as stomach fullness with five categories from 0 to 1 (0 = fresh, 1 = fully digested/unrecognizable mass). A portion of the sprat stomachs contained only unidentifiable content (category 1) and were not included when calculating the frequency of occurrence of prey categories among the stomach contents. 
Continuous acoustic studies
Up-ward looking Simrad EK60 echosounders were deployed at the same location (59.7921°N, 10.7267°E) each winter, either in moorings at the bottom or floating in anchored buoys (Table 1) . The moorings were deployed at the beginning of the overwintering period (November or December) and retrieved in April. The number and frequencies of the echosounders as well as the depth they were deployed at varied between years, but the setup of a cabled echosounder described for the first winter (05/06) in Klevjer and Kaartvedt (2011) , were common for all years. In short, the submersed acoustic transceivers (GPT) were built into pressure proof cases and powered by cables connected to land. Digitized signals were transmitted over the cables and stored in raw format on a pc on shore for later post processing.
Only one echosounder (bottom-mounted, 150 m) was used during the first two winters. A 120 kHz Simrad EK 60 echosounder equipped with a pressure proof transducer (ES 120-7CD) was deployed in the winter of 05/06 while a 200 kHz Simrad EK 60 echosounder with an ES 200-7CD transducer was deployed in 07/08. The temporal resolution of data (ping rate) was 1-2 pings s A web camera provided images every hour of the study site except for the winter of 07/08. The image records were used to monitor the ice conditions of the fjord.
Acoustic post processing
Echograms displaying acoustic records over 24 h were used to visually assess the vertical distribution and population behavior of the sprat during all winters. Additionally, 24 h echograms averaged for each month were made in order to get an overview of the distributional patterns and the changes that occurred within and between the different seasons. Such monthly echograms were made in MATLAB by dividing each day into 30 s intervals and average all pings for each time interval for each month.
Echo integration
Relative abundance of sprat throughout the overwintering periods was assessed by echo integration. From the acoustic data of the winter of 05/06, the S v (total backscattering coefficient) was calculated by integration over the whole water column with a resolution of 10 m depth interval and 30 min periods at a threshold of À65 dB. The integration was performed in the software program Sonar_5 Pro (Balk and Lindem, 2005) . For the three other winters, the recorded area echo abundance (NASC) i.e. the nautical area backscattering coefficient (s A ) was calculated by using the LSSS software (Korneliussen et al., 2006) . The s A coefficient was then converted to S v . The integration was made in the range from 0 to 100 m over 5 m depth intervals and 30 min periods. The amount of krill present at the study site varied between the winters and the integration was therefore performed at a threshold of À60 dB 
Target tracking of potential predators
The vertical distribution and abundance of piscivorous fish (potential predators of sprat) were studied in the acoustic record of two of the winters (07/08 and 09/10) which represented different biological and hydrographical conditions. Krill was abundant at the study site in the first winter (krill is alternative prey for the main predators), while nearly no krill was present in 09/10. The waters were ice-free with hypoxic conditions in the lower half of the water column throughout the whole period of 07/08, as oppose to 09/10, when events of water renewal (that improved the oxygen content of deep waters) occurred. This latter winter the fjord also became ice-covered.
Target tracking (TT) was applied to assess the vertical distribution and the abundance of potential predators during the winters of 07/08 and 09/10. TT combines single echoes into tracks by a pulse-length-based single echo detector (SED) and was performed using the acoustic software program Sonar 5_Pro 6.0.1 (Balk and Lindem, 2005) . In automatic tracking, individual tracks are selected based on algorithms that utilize information on the proximity of sequential echoes, while in manual tracking, echo traces from single organisms are selected from the echogram and combined into tracks by the researcher. Automatic tracking of potential predators was performed for the whole winter of 07/08. Tracking was performed in the range of 2-147 m from the transducer to avoid acoustic noise from close to the surface and near the transducer. Only trajectories with a minimum number of 35 valid echoes were accepted as a track, allowing a missing gap of maximum 5 echoes. Subsequent echoes were required to be within 30 cm in the vertical orientation in order to be included in the track. Tracks with a TS between À40 and À30 dB were accepted as a track of a potential predator.
The upper limit of À30 dB was set to sort out tracks contaminated by strong non-biological backscatter. The minimum threshold was set to ensure that large planktivores (like herring) were excluded from the results. The average TS of a single sprat is lower than À40 dB, but from test runs with the filter setting mentioned above, it appeared that tracks from sprat schools might count as predator tracks due to their high apparent TS-value. Therefore, to minimize the interference of such evident multiple targets, only tracks with an average echo-length 61.065 were accepted. The echo-length is the duration of the received echo pulse relative to the transmitted pulse. This limit was chosen after comparing echo-length distributions (density plot) from tracks of multiple targets versus tracks of single targets (multiple and single targets were manually separated from the results of an automatic tracking of one day). In addition, four random test dates (07 December 2007 , 11 January 2008 , 31 January 2008 and 07 March 2008 were tracked manually and compared with the outcome of automatic tracking to test the suitability of the applied filter settings. Even though it is impossible to remove all potential sources of error when performing automatic tracking, the coherence between the results of the two tracking procedures suggested that automatic tracking was reliable for assessing distribution and amount of larger fish during the winter of 07/08 (Fig. 1) .
Because the area covered by the acoustic beam increases with the range from the transducer, the number of fish registrations also increases with range. To account for this depth bias, the amount of tracks were standardized to cubic meters every 5 m range interval. The tracking volume was calculated from a 7 degree cone volume (opening angle of the transducers) within the given range intervals. Effects of changes in detection probability and multiple targets, with range, were not accounted for.
Manual tracking was used to detect predators during the winter of 09/10. It was not possible to use automatic tracking due to extensive non-biological noise that corrupted the tracking results. The sprat formed acoustically dense aggregations at night that winter and this backscattering layer also proved to be difficult to sort out with automatic settings. Seven random dates from throughout the overwintering period ( Swimming speed was estimated from distance/time between first and last echo in each track. Only manually tracked data from both winters were used for this estimation.
Statistical analyses
Statistical analyses of sprat length distribution, stomach fullness and WMD were performed using the Kruskal Wallis rank sum test and Mann-Whitney-Wilcoxon Test (MWW) implemented in the software R. The non-parametric post-hoc test ''Kruskalmc" from the packages ''pgirmess" was further conducted to compare the outcomes of the Kruskal Wallis rank sum test.
Results
The physical and biological conditions varied markedly between years. Main patterns are summarized in Fig. 2 , with more details outlined and documented in the following sections.
Hydrography
The hydrography of the first winter (05/06) is described in Klevjer and Kaartvedt (2011) . In short, waters were oxygenated all the way to the bottom throughout the winter. The oxygen content in bottom waters was 2 mL L À1 (moderate hypoxia) in the beginning of the winter and 4 mL L À1 by the end, as an influx of new water recorded in mid-February that year brought more oxygenated water into the fjord basin (Figs. 2 and 3 Klevjer and Kaartvedt, 2011) . The temperature and the salinity in the lower part of the water column were approximately 7.5°C and 33, respectively, with slightly warmer and less saline water above. Severe hypoxia prevailed in the lower half of the water column during the entire winter of 07/08. The values declined from >7 mL L À1 in surface waters to $2 mL L À1 at 30 m, and at 60 m, the oxygen content was <1 mL L
À1
, decreasing close to zero and anoxic conditions below 100 m (Fig. 3) . The temperature at the surface was 2-3°C during the first three months and $7°C in April. In the lower half of the water column, the temperature and the salinity stabilized at $8°C and $33, respectively (Fig. 3) . This was common for all winters.
The deep water remained hypoxic throughout the subsequent winter of 08/09. The oxygen values in surface waters ranged from 5 mL L À1 (in December) to >7 mL L À1 (January, February and April).
The oxygen content varied in general between <4 mL L À1 and 2 mL L À1 from 30 m to 60 m depth, followed by a decline to near 0 mL L À1 at $75 m (Fig. 3) . The surface temperature varied from À1°C (February) to >10°C (April), and there was a strong thermocline at the depth of 20 m in January and 15 m in February where the temperature increased from $1°C to $9°C (Fig. 3) .
In 09/10, the lower half of the water column was still hypoxic during the first half of the winter. In November and December 2009, the oxygen content was $2-3 mL L À1 from 10 to 70 m and close to 0 mL L À1 below 80 m. However, the values had increased to $4 mL L À1 all the way to the bottom in April 2010 (Fig. 3) . The temperature and the salinity in shallow waters were >8°C and 30 in November and 4°C and 23 in December, respectively (Fig. 3 ).
Ice covering
In the winter of 05/06, the fjord was ice covered from the 6th of February until 14th of April. There was no ice the winter of 07/08. The fjord was ice covered from 11th of February to 30th of March in the winter of 08/09, while in the last winter (09/10), the fjord became ice covered between 6-8th of January and the water was ice-free by the 5th of April.
Zooplankton abundance and distribution
Copepods were the dominating component of the zooplankton net samples during all years (Fig. 4) . The lower half of the water column was dominated by overwintering populations of Calanus spp. (stage CV) in all winters except the last one (09/10) (Fig. 4) .
2005-2006
The concentrations of copepods were lower in this winter compared to the other years (Fig. 4) . The most common copepod genus was Calanus spp. with the highest concentrations being $150 ind. m À3 in the deepest interval (Fig. 4 ). Other copepods (Acartia spp.,
Oithona spp. and others) were most abundant in the upper 20 m.
2007-2008
The vertical copepod distribution resembled the distribution in 05/06, however the density of Calanus spp. were on average more than three times higher this winter, with especially high catches between 80 and 100 m in February with an average value of $1000 ind. m À3 (Fig. 4) . Oithona spp. and other copepods were found in the shallowest depth interval (Fig. 4) . In April, all Calanus spp. were mainly present in the upper half of the water column (>80 m) with a dominance of other zooplankton taxa in the upper 20 m (Fig. 4) .
2008-2009
The distribution of zooplankton was mainly restricted to the upper 80 m of the water column this winter. Oithona spp., Temora spp. were among the copepods that dominated the net samples (Fig. 4 ) Other zooplankton taxa (like snails and polychaeta larvae) were also abundant in shallow waters in April (Fig. 4) . The highest concentrations of Calanus spp. were found between 60 and 80 m (ranging from 80 to 275 ind. per m
À3
) from December to February (Fig. 4) . The abundance of zooplankton was higher by the end of the winter with more 3000 ind. m À3 in the upper layer (Fig. 4) .
2009-2010
In contrast to the other winters, Calanus spp. was a minor component of the zooplankton catches in 09/10, with the highest Zooplankton (Fig. 4) 
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2005-2006
Ice cover concentrations being less than 20 ind. m À3 (60-80 m) (Fig. 4) . The majority of the zooplankton besides Oithona spp. was distributed in the upper 20 m of the water column throughout the whole winter, and the concentrations in this depth interval were considerably higher this winter than during any of the previous years (Fig. 4) . The abundance was particularly high in April with a concentration of more than 17,000 ind. m À3 in the shallowest depth. Oithona spp and Temora spp. were the dominating copepod genera. The net samples comprised a considerable amount of other zooplankton taxa as well throughout the whole overwintering period (e.g. cladocerans, larvaceans and meroplankton like polychaete and barnacle larvae), with particular high concentrations in April (Fig. 4) .
Trawl catches 3.4.1. 2005-2006
The trawl catches from 05/06 were dominated by sprat in the first half of the winter and by krill (Meganyctiphanes norvegica) toward the end of the winter (a total of 3617 sprat and 152 liters of krill were sampled). The majority of the sprat was caught below 100 m throughout the whole winter ( Table 2 ). The most abundant fish species other than sprat were whiting (33), four-bearded rocklings (Enchelyopus cimbrius) (19) and haddocks (3). Trawl results and sprat abundance during this overwintering period are given in detail in Klevjer and Kaartvedt (2011) and Solberg et al. (2012) , respectively.
2007-2008
Sprat and krill were the major components of the trawl catches with a total of $10,350 sprat and 84.5 liters of krill caught during the winter 07/08. The majority of the sprat was caught at $50 m depth both during daytime and at night (Table 2) . Combining results from all samples, the daytime average catch rate (sprat per 10 min trawling) was nearly 1200 at $50 m, compared to 5 and $100 at 55-60 and 20-40 m, respectively. The trawling results are in accordance with the diurnal acoustic registrations (see Section 3.7.2) which showed a backscattering layer of schooling sprat in the range $40-60 m. No trawling was conducted deeper than $60 m this winter due to near-anoxic conditions in the lower half of the water column. The most abundant fish species caught other than sprat were herring (Clupea harengus) ($800), gobiids (230) and whiting (214).
2008-2009
Nine pelagic tows were conducted in the upper half of the water column, all of them in April and during daytime (Table 2) . This was likely after the sprat had ended its overwintering period. A total of 89 herring, 63 gobiids, 5 saithe, 10 sprat and 1.8 liters of krill were caught, the majority sampled from 55 to 70 m.
2009-2010
Sprat dominated the catches, while in contrast to previous winters, the amount of krill was low (a total of 7255 sprat and <1 liter of krill were caught during the trawling). The majority of the sprat was caught at 70-80 m during daytime in both December and April (Table 2) . However, in contrast to the beginning of the winter, sprat were additionally caught below 90 m in April, reflecting a deeper distribution by the end of the study. At night, the largest catches of sprat were made at around 45 m in December (Table 2) . Besides sprat, the most common fish were herring (162), gobiids (52) and whiting (12) together with some gelatinous plankton.
Sprat length distribution
The length distributions of the overwintering sprat differed significantly between winters (Kruskal-Wallis rank sum test, v 2 = 316.9, df = 2, p ( 0.01). A bimodal length distribution was observed in 05/06 and 07/08 with peaks at $8-9 cm and $11-12 cm (Fig. 5a ). The proportion of large size-classes was high in the winter of 05/06 (Fig. 5b) . More than 53% of the captured ) per depth interval during the overwintering periods of 05/06, 07/08, 08/09 and 09/10 in Bunnefjorden. Each color denotes a specific genera or group of zooplankton. The category ''Others" includes species belonging to Amphipoda, Cladocera, Chaetognatha, Larvacea, Siphonophora, and meroplankton of Polychaeta and Cirripedia, Note that the scale on the x-axis may vary within and between years. Data on zooplankton other than copepods were not available for the winter of 05/06, all data from that winter was obtained from Brun (2007) . Table 2 Summary of all pelagic trawls conducted throughout the winter periods of 05/06, 07/08 and 09/10 with the trawl catches of sprat (standardized as number of sprat per 10 min trawling) noted for each tow. In 2009, trawling was only performed in April. Nocturnal tows are marked in gray and the two bottom trawls from December 05 are labeled with an asterisk (⁄). sprat were 11 cm or larger in 05/06 while the sprat catches comprised mainly of small individuals (<10 cm) in the two other years ( Fig. 5c and d) . Small sizes were particularly predominant in 09/10 with only 12% of the sprat being larger than 10 cm (Fig. 5d) .
A tendency of increasing lengths with depth appeared for all winters as the percentage of large sizes were highest in the deepest depth intervals (Fig. 5) . The size difference was especially pronounced between the shallowest (50-100 m) and the bottom depth (150 m) in the winter of 05/06 where the maximum frequency peaked at lengths of $8.5 cm and $12 cm, respectively (Fig. 5b) . A significant difference by depth was found for the diurnal sprat lengths in 05/06 and 09/10 (Kruskal-Wallis, v 2 = 22.8, df = 2, p ( 0.01 and v 2 = 107.7, df = 1, p ( 0.01, respectively), whereas the difference was slightly non-significant in the winter of 07/08 (Kruskal-Wallis, v 2 = 3.8, df = 1, p = 0.0504).
Sprat stomach content and diet composition
A total of 1355 stomachs were analyzed (see overview of stomach analyses in Table 3 ). The proportion of empty stomachs ranged from $80% in 05/06 to $20% in 07/08 and 09/10 (Table 3) Total stomachs analyzed n = 703 n = 219 n = 433
Relative frequency (%) of stomach content Empty 78.5% n = 552 21.5% n = 47 19.4% n = 84 Only unidentified content 8.4% n = 59 28.3% n = 62 5.8% n = 25 Content identified to subclass, order or genus 13.1% n = 92 50.2% n = 110 74.8% n = 324 observed between the stomach fullness of the sprat from 07/08 and 09/10. To address any effect of size on feeding activity, the sprat catches were divided into 2 cm length-classes for each winter, and degree of stomach fullness were plotted against each class (Fig. 6 ). Nearly all sprat P10 cm had empty stomachs (median = 0.0) in 05/06 and a significant difference was observed between the small <10 cm and the large length-classes this winter (Kruskal-Wallis test v 2 = 55.9, df = 5, p ( 0.01) (Fig. 6 ). The fullness index was higher and less variable between the length classes of the two other winters with a median of $0.5 or more for all size categories (Fig. 6 ).
The percentage of examined stomachs with content that could be identified to a taxonomic level was 75% in 09/10, 50% in 07/08 and 13% in 05/06 (Table 3) .
Calanoid copepods were the most common prey in the sprat stomachs all winters (Table 4) . A high proportion of the stomachs did also contain remains of copepods that could not be identified further. Calanus spp. followed by Acartia sp. dominated the diet composition of the sprat in 05/06. Other plankton groups/taxa was scarce that year (Table 4) . Calanus spp. was the most frequently occurring prey also in 07/08 with the smaller copepods, Temora sp. and Centrophages sp., following next (Table 4) . 07/08 was the only winter where krill represented a fair part of the diet composition (Table 4) , and this was the prey component commonly observed in the stomachs of the largest sprat ($12 cm) (not shown). The diet composition of the sprat in 09/10 differed from the other winters in that Calanus spp. was much less frequent (Table 4 ). The diet was highly dominated by Temora and Centrophages sp. in December 09 and by Temora sp. and other zooplankton groups, mainly barnacle larvae and medusa, in April 10 (Table 4) .
3.7. General overview from acoustic studies 3.7.1. Vertical distribution and behavior of sprat
The comparison of four winters unveiled certain recurrent distributional patterns, and some processes were inferred as ''general" behavior for overwintering sprat. However, the long-term acoustic study also revealed shifting behavioral modes and changes in distribution both within the same overwintering period and between the different years ( Fig. 7) , as well as differences between individuals within the population. Below follows an overview of diurnal and nocturnal distribution and behavior observed within the four overwintering periods in the light of different environmental conditions.
Diurnal and nocturnal behavior with hypoxic conditions
The sprat generally schooled during the day in the winters with severe hypoxia in deep waters (07/08, 08/09 and 09/10) (Fig. 7) . The schools were generally bimodally distributed with the majority present in mid-waters and a smaller group in upper waters, often close to the surface. The depth of the mid-water schools varied with the depth of the anoxic interface, commonly the sprat schooled about 10-20 m above this boundary (Fig. 7) . When schooling, the sprat generally swam synchronized up-and down repeatedly (Fig. 8a) .
The schools started migrating upwards some time ($1 h) prior to sunset and generally dissolved within one hour after sunset. Commonly, one part of the population migrated all the way to upper waters where they remained in a shallow layer throughout the night, while another part followed the pulse of upward migrating individuals for a short time before they descended solitarily down to deeper waters again (Fig. 8b) . These ''downward Stomach fullness index * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * Table 4 Summary of stomach contents of sprat caught in Bunnefjorden during the winters of 05/06, 07/08 and 09/10. The percentage shows the frequency of occurrence for each prey category found among the sample of sprat stomachs per winter that had identifiable content. The copepods Metridia sp., Oncea sp., Paracalanus sp., Pareuchaetae sp. are not included in the Table ( <1% for all years). The diet composition from 09/10 is separated by months as this was the only study period where stomach contents from the spring season were available. 2005-06, 2007-08, 2008-09, 2009-10) . The color scale refers to the average volume backscattering (S v ) for every month where dark red and white color represent the strongest and the weakest echo, respectively. Sprat and layer of krill are indicated in the echograms with ''S" and ''K", respectively. Acoustic noise is shown as ''N" (prevalent in deep waters in 09/10). Severe hypoxia in deep waters are reflected in the echograms as white areas with lack of acoustic backscatter. Presence of ice-cover is depicted by a blue line on top of the echograms. Note that the acoustic records are output from echosounders with different frequencies between the winters. In the winter of 08/09, the echograms cover a range from 0 to 133 m in December and January, and 0-85 m in February to April (as indicated by a red line). The echograms from the other winters display acoustic records from bottom-mounted transducers that covered the whole water column (0-150 m). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
this group generally migrated upwards right before sunrise, reached a certain depth in shallow waters where they aggregated in schools, and then migrated back to depth in schools shortly after the sunrise (Fig. 8c ). This migratory pattern was observed during the whole period of one winter (07/08), present during some months of other winters (08/09 and 09/10) and nearly absent in one (05/06).
Diurnal and nocturnal behavior in oxygenated waters
A different day-time behavior was observed when there were oxygenated waters (30% O 2 saturation) all the way to the bottom (winter of 05/06). In the beginning of the winter, the majority of the population kept a distribution close to the bottom, and instead of schooling they swam solitary, displaying a similar ''rise and sink" behavior as described at night (not shown since outlined in Solberg et al., 2012) . At night, the sprat migrated from bottom waters to mid-waters. A normal diel vertical migration with an overall deeper distribution during the day than at night was apparent this winter, but the sprat did not migrate as shallow as in the years with severe hypoxic conditions (Fig. 7) . However, a bimodal pattern was detected also this winter as a small part of the population schooled in mid-waters during the day and migrated to surface waters at night.
Vertical distribution and behavior in ice-covered waters
The fjord froze over in three of four winters. The sprat changed their vertical distribution and behavior concurrently with the icecovering event in two of the winters (05/06 and 08/09), while the apparent response to ice was less synchronous the third winter. A nocturnal response was particularly evident as the sprat moved to shallower depths and aggregated in dense layers closer to the surface after the fjord froze over (Fig. 7) . The aggregation in upper waters were reflected in the nocturnal weighted mean depth of the population which became significantly shallower after the ice covering event in 05/06 (Solberg et al., 2012) and in 08/09 (Mann-Whitney-Wilcoxon test (MWW), W = 195, n = 14, p ( 0.01, comparing daily average values of the last two weeks before the ice covering with the second and the third week after the fjord froze over) (Fig. 9) . In 05/06, the sprat also changed its daytime behavior as the majority switched from swimming solitary in bottom waters (''rise and sink" swimming) to schooling in mid-waters (50-60 m) (see Fig 5. in Solberg et al., 2012) . No immediate change in diurnal behavior was observed in the winter of 08/09, yet, significantly shallower WMD-values after ice covering were registered also during daytime this year (MWW-test, W = 186, n = 14, p ( 0.01, same weeks compared as for the nocturnal data). In the last winter (09/10), the vertical distribution changed both prior-and subsequent to ice, but unlike the previous winters, there were no fluctuations in the weighted mean depths during the day or at night related to the time the fjord froze (MWW-test, W = 136, n = 14, p = 0.08 and W = 143, n = 14, p = 0.10, respectively (same time intervals compared as above)). The sprat aggregated underneath the ice at night also during this winter, yet this behavior was not observed until about one month after the fjord froze over (midFebruary) (Fig. 9) . The vertical distribution and the weighted mean depth values were most stable during the winter where the water was ice-free throughout the whole study period (07/08) (Fig. 9) .
The sprat had a shallower distribution (weighted mean depth) at night than during the day in both ice-free and ice-covered waters during all winters (MWW-test, p ( 0.05) (Fig. 9) .
Behavior correlated with water renewal
Oxygen measurements at the beginning and end of winter documented water renewals during the first and the last winter (05/06 and 09/10; see above), but without revealing the timing of the renewals. However, the timings were suggested from the acoustic measurements in that a new type of rather weak echo was introduced at certain depth for some hours (example in Fig. 8d ). In February 06 this acoustic signal concurred with a water renewal documented by measurements from a CTD attached to the echo sounder (results given in Klevjer and Kaartvedt, 2011) . No apparent change in behavior was observed in relation to water exchange in 05/06, but this was also the winter where the water was oxygenated even from the beginning of the overwintering ($30% O 2 saturation). In 09/10, apparent water renewals were recorded (using the acoustic proxy) in mid-January (around 70-80 m) and mid-February (100-120 m) and on both occasions, part of the sprat population responded by moving deeper after some hours or by the next day (Fig. 8d) . The anoxic interface that was present throughout the first half of the winter was gone by the end of February that year, and the water masses below 80 m were no longer devoid of acoustic backscatter (Fig. 7) . Even though the majority of the population was present in the upper half of the water column also after the water exchange, single sprat were sporadically detected close to the bottom throughout the rest of the winter, particularly at night (not shown).
3.7.6. Surfacing behavior Individual sprat carried out short excursions to the surface during the night in all the winters. This surfacing behavior was generally observed within 1-2 h after sunset (during dusk), but could also be detected throughout the night until sunrise (not shown). The sprat commonly initiated the surfacing when being in upper waters ( 30 m), and both ascent to-and descent from the surface were generally carried out in a much higher speed (>10 times) than during normal vertical migration. The surfacing behavior-, including gas-release behavior of sprat could be addressed for the whole winter of 09/10 as the additional echosounders deployed at 80 and 27 m this year enabled enhanced resolution in upper waters for study of individual swimming behavior. The results are presented in Solberg and Kaartvedt (2014) and this behavioral mode is therefore not reported in further details here.
Predators
Distribution and feeding of potential predators
Most of the potential predators caught in 05/06 (36 in total) were captured at depths <100 m (Table 5 ). The majority were Table 5 Summary of trawl catches and stomach contents of predators (haddock and whiting) caught during the winters of 05/06, 07/08 and 09/10. Nocturnal tows are marked in gray. ''Others" include polychaeta larvae, snails, shrimps and gobiids. Stomachs from 07/08 that were inverted or damaged (8 in total) were not included in the stomach analyses. (Pelagic tows of no predator catch are not shown in this table, see Table 2 for an overview of all tows conducted during each winter.)
caught between 60 and 90 m during the day and between 20 and 50 m at night (Table 5) . A total of 218 potential predators were caught during the trawling in the winter of 07/08, 214 of these were whiting (Table 5 ) and the rest of the catch contained 2 cod and 2 saithe. The majority of the predators were always caught at $50 m during the day, while a few fish were caught as deep as 60 m (Table 5) . Diurnal tows 640 m did not capture any whiting. At night, whiting were caught at both 15 m and at 50 m (Table 5) .
A few potential predators were caught (13 in total) during the trawling in December and April in the winter of 09/10 (Table 5) . The predators were caught between 70 and 100 m during the day and 30-45 m at night (Table 5) .
Stomach content
The stomach contents of the potential predators from 05/06 were dominated by krill (Table 5) . A few stomachs contained sprat or other prey like snails or polychaetae larvae.
The vast majority of the stomachs contained identifiable prey in 07/08, and the analyses showed that krill was the dominant prey component also this year (Table 5 ) with an average number of 7.0 krill (± 3.5 sd) per stomach (n = 200). Foraging on sprat and other clupeid fish were scarce this winter (Table 5 ). The stomach content of 1 saithe (total length: 65 cm) and 2 cod ($44 cm) comprised $2 sprat and $10 krill for each fish (not included in Table 5 ).
For the 13 stomachs analyzed for 09/10, 6 contained sprat, while the rest were generally empty or had unidentifiable content (Table 5) .
Acoustic tracking of potential predators
The vertical distribution of potential predators seemed to be fairly consistent throughout the whole period of 07/08. The automatic tracking results corresponded with the trawl catches and showed that these fish were generally scattered throughout the whole water column of oxygenated waters at night (mainly 0-60 m), and mostly distributed between 40 and 60 m during the day (not shown). More potential predators were recorded at night than during the day, although the number of diurnal tracks increased by the end of the winter (not shown).
No specific diel pattern was observed among the manually tracked potential predators during most of the winter of 09/10 (Fig. 10 ). They were in general scattered between 0 and 65 m during both day and at night, and were registered a bit deeper during daytime by the end of the study when more oxygenated waters allowed a deeper distribution ($80-90 m in mid-March and April) (Fig. 10) . Their numbers seemed to increase throughout the winter and beginning of spring (higher number of tracks registered in February, March and April compared to November-January). Yet, potential predators were less abundant during the winter of 09/10 compared to the winter of 07/08.
The average number of manually registered tracks per day were 101 ± 47 (n = 7) in 09/10 and 184 ± 57 (n = 4) in 07/08. These findings correspond with the results from the pelagic trawling where a much higher number of potential predators where caught during the winter of 07/08 than in 09/10.
The swimming speed differed between winters. The average swimming speed (speed between first and last echo averaged for all tracks) of the winter of 07/08 was estimated at $14 cm s À1 (n = 735) while the average swimming speed in 09/10 was 21 cm s À1 (n = 710). The target strengths distributions peaked around À34 to À33 dB in 07/08 and À39 to À38 dB in 09/10 (not shown).
Discussion
This study has addressed the overwintering ecology of sprat in a Norwegian fjord throughout four separate winters. These overwintering periods represented a widespread range of conditions both in terms of environment (oxygen contents, temperature and ice cover), and biotic parameters (prey availability, predator abundance and distribution). The sprat responded accordingly, displaying a varied and flexible overwintering biology. 
Inter-annual variation in size distribution and feeding activity
The average length of a 0-year-old sprat is normally $7.5-8 cm by the end of the year, whereas maturity is generally reached from a size of P10 cm (Glover et al., 2011; Peck et al., 2012) . Accordingly, we assume that the majority of the catch in 05/06 consisted of adult individuals, while the catches of the two other winters were dominated by juvenile sprat, particularly in the winter of 09/10 where $90% were 610 cm.
The apparent lack of feeding the first winter corresponds with other studies of sprat from northern fjords, the Baltic and the North Sea where the sprat fed intensively during spring and summer, and less during the autumn/end of season (Starodub et al., 1992; Szypula et al., 1997; Möllmann et al., 2004) . Strong seasonal cycles in energy storage are typical for clupeids (Paul et al., 1998; Flath and Diana, 1985; Røjbek et al., 2014) , and are generally related to the reproductive and feeding cycles of the fish (Love, 1988; Hislop et al., 1991) . Also, many species build energy reserves to avoid starvation during winter as an adaptation to the seasonal fluctuations found in temperate areas (Schultz and Conover, 1997; Hurst, 2007) . Because the majority of the sprat caught in 05/06 already had reached adult size, we suggest that they prioritized predator avoidance at the expense of feeding, a strategy that may be referred to as the ''energy/predation trade-off" (Houston et al., 1993) . By carrying out ''rise and sink" swimming in deep waters, the sprat likely maximized their probability of survival and opportunity of spawning in the following spring, as well as they conserved as much energy as possible.
While large individuals may prioritize predator avoidance and rely on accumulated lipid reserves through winter (Winkle et al., 1997; Farley et al., 2011) , 0-year individuals may not have time enough during their first season to accumulate sufficient energy either for a prolonged fast, or for gonadal maturation (Höök et al., 2007; Peck et al., 2012) . Correspondingly, small-sized individuals are often active feeders also in harsh conditions (Biro et al., 2005) . This is in agreement with the trawl results from 07/08 and 09/10 where the majority of the stomachs contained prey and the sprat population was dominated by juvenile size classes. It is also consistent with the ''exceptions" found during the winter of 05/06 where most of the stomachs that had some content belonged to sprat <10 cm (the small size classes had a significantly higher stomach fullness index than the size classes larger than 10 cm this year). High feeding activity among small-sized sprat during autumn has furthermore been reported from the Baltic and other fjords (Last, 1987; Falkenhaug and Dalpadado, 2014) .
Diet and feeding in relation to prey availability
Copepods dominated as prey of the sprat during all winters. This is consistent with other studies on sprat diet from the North Sea, the Oslofjord and in the Baltic Sea (De Silva, 1973; Arrhenius, 1996; Bernreuther, 2007; Kaartvedt et al., 2009) . While the diet of the sprat seemed to vary according to the ambient zooplankton community, the feeding activity was not always correlated with prey availability.
The sprat generally preyed upon overwintering populations of Calanus spp., but the predation on this copepod varied between the years (see below). Calanus spp. may be common in fjords during their dormant overwintering phase (Bagøien et al., 2001) . They may occur in high concentrations in hypoxic basins (Osgood and Checkley, 1997) as also documented for the oxygen depleted waters in two of the winters in this study; 07/08 and 08/09). The average size of an overwintering Calanus CV ($3 mm) is considerably larger than the size of any of the other copepods present in Bunnefjorden during this study. Its large size makes it more susceptible for visual predation, and also more optimal in terms of foraging efficiency.
Calanus spp. was the dominant prey component of the sprat stomachs in the winter of 07/08, even though the highest densities occurred in oxygen depleted waters that were less-or nonaccessible for the sprat (below $65 m). The dominance could to some extent be explained due to limited amount of alternative preys. There were layers of small-sized copepods present in the upper 20 m ($200 ind. m
À3
), yet these did not occur in high numbers in the stomachs. The few large sprat that were caught (>12 cm) contained krill which together with Calanus also were very abundant that year. These results agree with the general perception of sprat being a sizeselective particulate feeder, choosing larger prey with growing size (Arrhenius, 1996 (Arrhenius, , 1998 Möllmann et al., 2004) .
The high percentage of empty stomachs during the winter of 05/06 is likely not explained by scarcity of prey. Although this was the winter with the lowest concentrations of copepods at the study site, the zooplankton community still held a fair amount of overwintering Calanus spp. in deep waters ($150 ind. m À3 from 110 to 145 m). Also, in contrast to the other winters, severe hypoxia was not a limiting factor for the sprat in terms of accessing the deeply distributed zooplankton, although at this depth they may have been difficult to detect visually. On the other hand, prey availability and feeding seemed to be highly correlated during the winter of 09/10. The zooplankton population then differed considerably from the other winters in terms of both species composition and abundance. The sprat fed on smaller calanoid copepods in upper waters, mainly Temora spp. and Centrophages spp. which were very abundant. At the same time, overwintering Calanus spp. was less abundant this winter. These results agree with other studies that have reported calanoid copepods as the most important prey component of the sprat diet (Möllmann et al., 2004; Casini et al., 2004; Raab et al., 2012) . They contrast, however, the findings of Falkenhaug and Dalpadado (2014) who reported that the small harpactioid-and cyclopid copepods Microsetella norvegica and Oithona spp., were the most common prey for sprat in the Hardangerfjord during autumn. A negative selection against small-sized prey seemed in fact to be the case in our study. Oithona spp. was among the most abundant genera in upper waters throughout all years, yet, negligible amount of this copepod was found in the sprat stomachs. We reject that its distribution in surface waters made it less attractive for feeding because the sprat evidently preyed upon other shallowliving copepods (e.g. Acartia spp. in 05/06 and 07/08, and Temora spp. in 09/10). Rather, its small size, combined with no pigmentation, likely made Oithona spp. less vulnerable to visual predators.
The high abundance of cladocerans, meroplankton and other zooplankton taxa (e.g. Podon spp., barnacle-and polychaetae larvae, and hydrozoans) found in the stomachs in April 10, showed that the sprat is flexible with a varied and opportunistic diet adjusted according to availability. Falkenhaug and Dalpadado (2014) found phytoplankton and euphasiid eggs in the sprat diet during spring, suggesting that the sprat in fact may be able to filter feed like its clupeid relative herring (Clupea harengus). However, this is not supported in Bernreuther (2007) and is not indicated by the prey contents found in this study.
Swimming behavior in oxygenated-and hypoxic waters
The swimming behavior and vertical distribution of the sprat varied according to the oxygen content. During daytime, schooling was the general behavior when the lower half of the water column was severely hypoxic, whereas solitary swimming in near bottomwaters prevailed in moderate hypoxia when the sprat had the opportunity of staying deeper. Schooling is generally interpreted in terms of predation avoidance (Magurran, 1990) and/or increased feeding (Pitcher et al., 1988) , and it may also benefit the fish by reducing the energetic costs of swimming as a consequence of hydrodynamic advantages (Weihs, 1973; Herskin and Steffensen, 1998) . However, it seems that for (some of) the overwintering sprat in 05/06, schooling was replaced by a different strategy, habitat permitting. The vertical range the sprat potentially could inhabit was twice as deep in the winter of 05/06 (0-150 m) than in the years when the fjord basin was nearly anoxic (0-0.5 mL À1 ) below $70 m. While light levels at 60 m likely imposed schooling as an anti-predation strategy, the limited amount of illumination that extends down to 120-150 m may have provided sufficient protection without schooling. Indeed, the majority of the potential predators caught during the trawling in 05/06 were captured at depths above 100 m. Alternatively, there was not enough light for the sprat to form schools (Glass et al., 1986) . Herring may hide in deep trenches prior to spawning (Skaret, 2007; Langård et al., 2014) , and similar ''rise and sink" swimming in bottom-waters, as observed for these sprat (Solberg et al., 2012) , has also been reported for overwintering herring These authors suggested that the continuous up-and downwards swimming was a strategy to conserve energy and to compensate for negative buoyance due to swimbladder compression. This behavior may furthermore be related to a non-feeding overwintering mode (Huse and Ona, 1996) . This explanation may also be applied to the deep group of sprat that carried out ''rise and sink" swimming in the winter of 05/06 and that proved to have mainly empty stomachs. A similar sprat distribution was shown in an earlier winter with oxygen in the deep waters (Kaartvedt et al., 2009 ). The bottom trawl catches from that study did also parallel the findings from the winter of 05/06 of mainly adult individuals occupying the deep waters (mean length >11 cm). We suggest that the deep basin of Bunnefjorden attracts adult overwintering sprat due to its potential ''hideout" from predators. This may explain why the length distribution was highly dominated by large sprat in the winter with sufficient oxygen conditions (05/06). The water renewal events in the winter of 09/10 enabled us to assess how the sprat responded to intrusion of more oxygenated waters in a hypoxic environment, and the rapid response of moving into deeper waters is coherent with the behavior seen in the winter of 05/06. However, most of the population kept schooling in upper waters also after the water renewal, likely because the population mainly consisted of juvenile, active feeders that winter.
Vertical distribution and DVM
The overall vertical distribution of sprat was commonly deeper during the day than at night, yet with a proportion of the population with deeper nocturnal than diurnal distribution. The diel vertical distribution of clupeid fish has been widely studied by the use of echosounder (Huse and Ona, 1996; Torgersen et al., 1997; Orlowski, 2005) , and the common pattern for sprat is that it carries out diel vertical migrations (DVM) to upper waters during dusk (Cardinale et al., 2003; Nilsson et al., 2003; Kaartvedt et al., 2009) . For planktivorous fish, this migration assumingly relates to feeding on abundant prey in upper waters at night when the risk of predation is low (Levy, 1990) . For the overwintering sprat, the diel feeding pattern seemed to vary between the different winters. The highest contents of undigested prey were found in stomachs from fish caught during the day in the winter of 07/08 (not shown). The sprat is a visual feeder and other studies have documented the highest feeding activity either shortly after sunrise (Cardinale et al., 2003) or just before sunset (Falkenhaug and Dalpadado, 2014; Voss et al., 2003) . The sprat may however also feed at night (Bernreuther, 2007) , and in the winter of 09/10, nocturnal feeding appeared to prevail. The stomach content then consisted mainly of prey that was distributed in the upper 20 m, indicating that feeding mainly took place in shallow waters. The migration to upper waters at dusk followed by asynchronous sinking back to deep waters might have provided a short, so called ''antipredation window", in upper waters with sufficient light for foraging, at the same time being sufficiently dark to provide relative safety for predators (Clark and Levy, 1988) . This behavior can explain why sprat caught at 60 m depth $2 h subsequent to sunset contained fairly undigested individuals of shallow-living copepods (not specifically shown in results). The ''dawn rise" behavior of sprat migrating to shallow waters right before sunrise would also concur with such a feeding strategy.
During all winters, the sprat population seemed to be divided into two different groups as indicated by the bimodal vertical distribution revealed from the acoustic records. A bimodal pattern was also reflected in the size distributions of the sprat in two of the winters. As the size of the sprat increased by depth (significantly shown in the winters of 05/06 and 09/10), the two distinct groups may partly be explained as a result of size-differences within the population, presumably with the smallest individuals being more active in upper waters than the larger (e.g. Rosland and Giske, 1997; Staby et al., 2013) . This assumption corresponds well with the sprat catches of the winter of 05/06 when the highest proportion of small individuals was captured in the upper half of the water column, and also these were the individuals that mainly contained prey this winter. This pattern seemed to be valid for daytime in the winter of 09/10 as well, as trawl catches ($ mid-day) revealed differences in digestion level (not shown). The deepestliving sprat (close to the anoxic interface during mid-day (>70 m) contained mainly well-digested unidentifiable prey, while the prey content of shallower catches also contained undigested food. However, different behavioral modes in a population may also be caused by different ''personality traits" (e.g. boldness, shyness) (Brown et al., 2005; Wolf et al., 2007) , or variable individual internal states (e.g. fat storage, hunger) (Hays et al., 2001; Hoare et al., 2004) which to some extent, could explain why sprat occasionally switched between the different groups. Alternatively, the need to carry out surface excursions may have motivated the sprat to migrate between the deep and the shallow layer throughout the night (see Section 4.5).
Vertical distribution and behavior in relation to ice-covering
The response of overwintering sprat to ice-covering during the winter of 05/06 was assessed by Solberg et al. (2012) . The long term measurements of the current study enabled further studies and comparisons with two additional winters. The results from the winter of 08/09 corresponded well with the findings of Solberg et al. (2012) in that the sprat distributed shallower concurrently with the fjord freezing over and that the majority of the population aggregated in layers close upon the ice at night. As the behavior at daytime changed from ''rise and sink" swimming in deep waters to schooling in mid-waters in 05/06, Solberg et al. (2012) suggested that the ice made the sprat shift their antipredator strategy from hiding at depth to hiding in schools in the darker water below the ice. Even though the diurnal vertical distribution of sprat became shallower also in 08/09, no immediate change in daytime behavior was observed in relation to the event, likely because the sprat already was schooling at mid-depth prior to the ice covering this winter (severe hypoxia prevented occupancy in deep waters).
The nocturnal response of aggregating in dense layers close under the ice may be explained by a need of refilling the swim bladder. This requirement was suggested by Solberg and Kaartvedt (2014) as they documented that overwintering sprat daily carried out excursions to the surface (exclusively) at night, seemingly to gulp atmospheric air. It was furthermore shown that the nocturnal surface activity significantly increased when the access was inhibited by a permanent ice cover, yet these excursions appeared less successful, as assessed from a strong reduction in gas release from the sprat upon ice cover (Solberg and Kaartvedt, 2014) .
Nocturnal sprat-aggregations under the ice were also observed during the third winter (09/10), yet not immediately after ice cover was established (no significant change registered in WMD between the two weeks before-and after the fjord froze over). Factors like prey-and predator abundance may have caused the delayed response this year. Nocturnal foraging appeared to be more prevalent this year compared to other winters, likely causing the sprat to be more active, thereby displaying a different behavior underneath the ice. Also, if the ice was used as a shelter against predators, the lesser amount of predators detected that year might have caused the sprat to be less prone to aggregate upon the ice (see Section 4.6).
Predator abundance and distribution
The majority of potential predators (primarily whiting) was recorded in waters of $20-25% oxygen content (or higher), although a few appeared in waters of oxygen concentrations as low as $11% O 2 saturation during daytime. This distribution is in accordance with other field-and experimental reports on oxygen tolerance of gadoids (Petersen and Pihl, 1995; Herbert and Steffensen, 2005; Kaartvedt et al., 2009; Herbert et al., 2011) . Kaartvedt et al. (2009) suggested that the sprat exploited hypoxic waters to avoid predation as the predatory fish kept a shallower distribution than the sprat. Sprat was the dominant prey for whiting the winter of their study (04/05).
However, the predatory fishes primarily fed on krill in both 05/06 and 07/08, both during daytime and at night. As the predators in 07/08 were dispersed over a wide range at night and a few meters above the krill layer during the day, it seemed like they mirrored the daily migration of the krill layer, rather than hunting for sprat. A similar distribution was reflected in the trawl catches of the predatory fishes in 05/06 with deeper diurnal than nocturnal catches.
The lower abundance of predators in the winter of 09/10 cooccurred with low abundance of krill in the fjord that year, suggesting that krill may be the preferred prey when abundant. Sprat was an alternative source of prey during the winter of 09/10 as confirmed by the content of the few predators caught that year, even though the stomach content generally were low.
The swimming speed of the potential predators was slower when foraging on the abundant krill population (07/08) than when sprat was a relatively more important prey (09/10), and may relate to different tactics for capturing krill and sprat. We cannot exclude different species being an alternative explanation for having caused the dissimilar swimming speeds, but we reject that the swimming measurements were size dependent, because the predator tracks were stronger in 07/08, yet, with a lower speed. According to the equation by Foote (1987) applied on physoclists for 38 kHz transducer, the median TS values of the potential predators for 09/10 (37.4 dB measured at 38 kHz) correspond to a length of $32 cm. The TS-values were stronger in the winter of 07/08 (À33.9 dB at 200 kHz), suggesting larger size, although we do not have TS-relationships for that frequency. Yet, a sizedifference between the two winters was also reflected in the TS-distributions that were skewed toward a higher proportion of high TS-values in 07/08 than in 09/10.
To what extent, or how, predator abundance impacted the overwintering populations of the sprat is uncertain as several abioticand biotic and factors interacted. Yet, a reduced predation pressure/risk did likely allow the sprat population of 09/10 to be more dynamic in terms of vertical distribution as observed by the fluctuations in the weighted mean depths (both prior to-and after ice covering). The large amount of juvenile individuals, together with the beneficial combination of very high zooplankton concentrations and relatively few predators, may furthermore explain the high abundance of sprat still present at the study site by the end of the overwintering period that year. This was indicated by the large trawl catches of sprat in April 10, as oppose to the few sprat caught in spring during the other years when a large part of the population likely left the basin due to an upcoming spawning season (Daan et al., 1990; Haslob et al., 2013) .
Conclusions
In conclusion, this study has shown that overwintering sprat encounters a wide range of environmental and biotic factors within and between winters and respond accordingly. The varied ecological conditions and behavioral responses observed throughout the course of four consecutive years, underlines the importance of conducting long-term studies in order to describe and understand the population dynamics of sprat and the scarcely known overwintering phase that presumably has a high impact in the life history of fish at high latitudes.
